The use of biodiesel fuels in diesel engines is gaining attention as a promising solution to control CO 2 emissions. Great research efforts have been carried out to identify the impact of biodiesel physical and chemical properties on engine systems and processes. Most of these investigations were performed in warm conditions, but the suitability of biodiesel for starting the engine at under-zero ambient temperatures has not widely evaluated. The surface tension and the viscosity of biodiesel fuels are higher compared to those of standard diesel and, in cold conditions, these differences become critical since the injection fuel rate is largely affected and consequently the combustion process can be deteriorated. In order to improve its flow characteristics at cold temperatures and make them more suitable for low temperatures operation, additives are used in biodiesel fuels. In this paper the suitability of different biodiesel fuels, with and without additives, for cold starting of DI diesel engines has been evaluated. The results have shown that the engine start-ability with pure biodiesel fuels can be largely deteriorated. However, using diesel/biodiesel blends the start-ability of the engine can be recovered with the additional benefit of reducing the opacity peak of the exhaust gases.
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Introduction
Nowadays, petroleum-based fuels are obtained from limited reserves, and thus the search for other fuel resources is crucial in order to attend the worldwide demand of energy. In particular, biodiesel blends have emerged in the last years as an alternative fuel for transportation. According to the European Commission, even though the current high production cost of the renewable energies, biofuels are now probably the most promising way to reduce the fossil fuel dependence of transport vehicles powered by diesel engines [1] .
Bio-fuels, which are obtained from vegetable oil resources, appear to be an excellent substitute for fossil fuel, because their production is simple, they are biodegradable, nontoxic, recyclable, benzene-free and cleaner than fossil fuels [2, 3, 4] . Due to their miscibility with the standard diesel fuel, it can be used either pure or in blends [5] . Additionally, bio-fuels have an excellent lubricity and its use does not require considerable modifications in the engine hardware.
In addition, this alternative fuel allows a significant reduction of pollutant emissions of diesel engines, most notably of carbon dioxide (CO 2 ). In comparison with the standard diesel fuel, the use of biodiesel blends can produce reductions of 78% of net CO 2 emissions, due to the carbon neutral cycle of such fuels [6] . In this cycle, the CO 2 released into the atmosphere, when the biodiesel fuel burns, is recycled by growing plants, which are later converted into fuel. Since the sulfur and the aromatic content of biodiesel fuels are negligible while their oxygen (O 2 ) con-centration is substantially high [7] , significant reductions of sulfur dioxide (SO 2 ), soot, carbon monoxide (CO) and unburned hydrocarbons(UHC) can be achieved [8, 9, 10] .
Due to their higher Cetane number, a longer ignition delay (ID) is produced and hence the formation of nitrogen oxides (NO x ) during combustion is usually increased [11, 12] . Since the heat value of biofuels is lower than that of standard diesel fuel, the brake specific fuel consumption (BSFC) of diesel engines increases while the thermal efficiency is scarcely affected [13, 14, 15] .
The suitability of bio-fuels for controlling CO and UHC emissions at high idling operating conditions has been also confirmed. In fact, the higher the biodiesel percentage in biodiesel/diesel blends, the lower the CO and UHC emission levels, while NO x emissions remain constant or even decrease slightly for biodiesel ratio up to 5%, and tend to increase for ratios above 5% [16] .
The major drawbacks of bio-fuels are associated with their effects on engine operation. Indeed, the use of such a fuel can cause clogging of the fuel lines and injector coking. Moreover, due to the higher surface tension and viscosity of biodiesel fuels, the hydraulic behaviour of the injector can be affected and consequently an adequate atomization before the combustion process is hardly achieved [17] . As a consequence, on one hand carbon deposits can be promoted and the sticking of piston rings can be produced as well [18, 19] ; on the other hand, the lack of atomization has a negative impact on the vaporization process, and consequently on the auto-ignition of the fuel. Since misfiring is frequently produced in those conditions, in particular, this issue is harmful for the start-ability of engines under below-zero ambient temperatures. Under these unfavorable conditions, the increase of the oil viscosity [20] and the decrease of battery performance cause very low cranking speeds and quite high blow-by levels [21, 22] and, additionally, fuel-air mixing is hindered due to the weak air motion [23] .
Therefore, while most of the properties of biodiesel are comparable to those of petroleum-based diesel fuel, the major challenge when using biodiesel as an alternative fuel for diesel engines is still the improvement of its low temperature flow characteristics. The biodiesel fuels typically will display higher cloud points and pour points, and this is a great handicap for biodiesel usage [24] . The pour point is the temperature at which a fuel can no longer be poured due to gel formation. Crystallization of the saturated fatty acid methyl ester components of biodiesel at cold ambient temperature causes fuel starvation and operability problems as solidified material clogs fuel lines and filters. With decreasing ambient temperature more solids form and material approaches the pour point. Furthermore, it is well established that the presence of a higher amount of saturated components increases the cloud point and pour point of biodiesel. Potential solutions to this problem include the use of specific additives or blending the given biodiesel with other fuels such as ethanol or kerosene. Specific improvers such as olefin-estercopolymers decrease by 33% the dynamic viscosity of soybean biodiesel even with very low contents of around 0.03% [25] . Blending the biodiesel with ethanol or kerosene at ratios up to 20% [26] also decreases by 30% the kinematic viscosity, improves the NO x -soot trade-off compared to raw bio-diesel fuel, and promotes the atomization of the fuel, being an interesting option for solving the problem.
In this framework, the objective of this paper focuses on investigating experimentally the suitability of different biodiesel fuels, with and without additives, for keeping the engine start-ability at low temperature conditions similar to that obtained with standard diesel fuel. The most common parameter used to evaluate the cold performance of pure biodiesel or biodiesel blends is the so-called Cold Filter Plugging Point (CFPP), as observed in the European standard [27] . The Cold Filter Plugging Point is the temperature at which a fuel jams the filter due to the formation of agglomerates of crystals [28] . Additional fuel characteristics could be used for evaluating the effects on cold starting, such as viscosity, cetane number, ignition quality and many others, but considering that the CFPP is the unique parameter limited in the European standard, the study presented in this paper considers mainly this parameter and includes a detailed analysis about its feasibility to characterize the suitability of biodiesel fuels for cold starting of diesel engines. This paper is organized into four main sections. First, a description of the experimental facilities used in the study is presented. In section 4, the methodology used is detailed, whereas the parameters considered in order to characterize the start-ability of the engine are defined in section 4. Following, in section 5 the results obtained for the different fuels tested are discussed in detail. Finally, the conclusions extracted from this work are summarized.
Experimental configuration
Evaluated engine
The experiments were performed on a light-duty 4-cylinder Euro V turbocharged DI diesel engine, with a total displacement of 1.5 l and FIS with common rail. The engine coupled to the gear box was mounted on a test bench, so that the contribution of the gear box to the total load that the engine must overcome during the starting can be also considered in the tests. The specifications of both engine and FIS are summarized in Table 1 .
Engine test rig
Cold starting tests have been performed in a climatic chamber where it is possible to control the ambient temperature from -30 up to 15
• C. Figure 1 shows a diagram of the climatic chamber used. The humidity in the main chamber was controlled by a pre-chamber, which supplied cold dry air through depression wall valves. The engine bench was located in the main chamber. The fuel tank and the battery were also placed in the main chamber, so that both fuel and electrolyte temperatures were similar to those of the rest of fluids before the test began. The soaking time required for maintaining stable temperatures in the engine fluids (oil, coolant, fuel and battery electrolyte) before tests depended on the set-up temperature level: it was about 8 hours for tests at -10
• C. The temperature of these fluids was measured by means of Class 1 Platinum thermo-resistances.
In addition to the fluids temperature, the temporal evolution of different parameters relevant for the study was also measured during engine starting. Figure 1 also shows a sketch of the instrumentation used to measure the parameters which characterize the engine starting.
The instantaneous intake air and exhaust gas temperatures were measured using K type thermocouples. With this aim, a 0.5 mm diameter bare wire thermocouple was placed in each intake port, while a 1 mm diameter protected thermocouple was placed in the exhaust manifold.
Instantaneous intake air mass flow rate and blow-by were measured by means of a hot film anemometer placed downstream of the air filter and the 442 AVL blow-by meter, respectively. The exhaust gas opacity was measured continuously with the AVL 439 partial flow opacimeter, which is particularly suitable for dynamic testing measurements with a response time lower than 0.1 s and an accuracy of 0.1%.
All signals were simultaneously recorded at a constant sampling frequency of 50 kHz with a multi-channel 16-bit data acquisition system. To measure continuously the parameters during all the phases characteristic of engine starting -cranking, starting and idling-a base time of 15 s was chosen for the acquisition. With the purpose of synchronizing the measured variables with the crank angle, the synchronization signal supplied by an optical encoder coupled to the crankshaft was also measured during the tests. An angular resolution of 1 crank angle degree (c.a.d.) was used. With this signal the instantaneous engine speed during starting was also determined.
The accuracy of the instrumentation used is summarized in Table 2 3. Methodology
In order to evaluate the impact of biodiesel fuel on the start-ability of the engine at cold ambient temperatures, several blends of three different types of biodiesel were considered. With this aim, at any set-point ambient temperature, tests were performed with the baseline engine settings, so that it is ensured that any variation of the starting performance was caused by the fuel itself and not by differences in other settings.
With the purpose to define suitable reference conditions, preliminary tests with standard diesel fuel and with the baseline engine settings were performed. From these tests, the reference values of the parameters defined in Section 4 were obtained for each of the ambient conditions considered in the study. These reference values were compared with those measured with the biodiesel fuels.
Three different types of biodiesel from different origin and importance on the Spanish market have been used in the tests. One of them, labelled biodiesel C, was a raw biodiesel derived from used cooking oils. Biodiesel D, was a biodiesel C with additives in order to improve its cold flow characteristics and therefore its CFPP is reduced. Finally, the third fuel, biodiesel E, was a rapeseed oil with cold flow improver. Table 3 shows a summary of the main properties of the fuels used. The data from biodiesel fuels have been provided by fuel manufacturers, but the data associated with the cold flow improver were not been facilitated.
In order to consider in the study fuels that can be purchased in the market, additionally to pure biodiesel, two blends of biodiesel C and D with standard diesel fuel in volume concentrations of 30% and 50% were also tested. Furthermore, with the purpose of considering the average climatic conditions expected in Spain, cold starting tests at ambient temperatures of 0, -5 and -10
• C were performed. In summary, Table 4 shows the tests matrix considered in this investigation.
In order to avoid any effect from the fuel used in the previous test, after each test the fuel line was emptied, the main tank was refilled with a different fuel, and then the engine was run at high speed until the oil temperature reach 80
• C before any new measurements were taken. In addition, a preconditioning procedure was followed between each fuel change in order to remove particulate matter potentially deposited on the exhaust pipe walls, which could be blown out and released during the following starting tests, thus leading to faulty measurements of smoke opacity and erroneous interpretations for each fuel blend and its effects on smoke emission. 
Engine start-ability parameters
According to Broatch et al. [23] , the starting performance of the engine has been evaluated by means of three parameters: the starting time, the speed stability after starting and the opacity peak of exhaust gases. Figure  2 shows a plot of the engine speed evolution and the instantaneous opacity measured during the starting of the engine, where these parameters are also indicated. In order to evaluate the capacity of the fuel to flow through the FIS without plugging such a system, the pressure drop across the fuel filter during the starting was also measured and analyzed. 
Starting time
The starting time is the time between the instant when the cranking phase begins (the starter is switched on) and the instant when the engine overcome a given threshold speed which depends on the ambient temperature and, that controls the state of the engine by means of a starting bit. The starting time is preceded by the pre-heating time, which is the time required by the glow plugs to achieve the maximum tip temperature, so that the autoignition of the fuel is provoked. This time depends solely on the ambient temperature. In addition, since the injection of the fuel begins when the fuel pressure available in the rail reaches a minimum value, the starting time is frequently split in cranking and acceleration times. The cranking time is the period of time between the instant when the starter is switched on and the instant when the first combustion is promoted. The acceleration time begins when this first combustion is produced and finished when the starting bit is activated.
Speed stability after starting
This parameter evaluates both the stability of the combustion process in each one of the cylinders and the dispersion of the combustion between the cylinders. The engine speed stability can be calculated by determining the standard deviation of either the instantaneous speed or the cycle-to-cycle imep. This parameter was determined here by calculating the standard deviation of the engine speed during 60 s after the overshoot was attenuated.
Opacity Peak
The instantaneous opacity is measured during the cold starting of Diesel engines in order to evaluate qualitatively the plume of smoke emitted at the exhaust. The opacity peak is usually accepted as a metric for quantifying the intensity of such a plume.
Pressure drop across the fuel filter
In order to quantify the capacity of the fuel to maintain its fluidity at the temperatures defined in the study, so that the FIS is not plugged during the starting of the engine, the pressure drop across the fuel filter was instantaneously measured by means of a differential pressure transmitter during the engine starting. The maximum pressure difference measured was considered as an indicator of the turbidity of the fuel mainly caused by the crystallization of the paraffins at cold temperatures.
Results and discussion
This section describes the performance of the engine during the cold starting at low ambient temperatures, using the different biodiesel blends under investigation. In order to evaluate the effect of the biodiesel fuel on the engine startability, the values of the parameters defined in Section 4 obtained when the engine starts with the different biodiesel blends are compared with those parameters that qualify the engine starting with the standard diesel fuel. Figure 3 shows engine starting time operating with the fuels investigated at ambient temperatures ranging between 0
Effect on the starting time
• C and -10 • C. In general, for all temperatures the engine starting time progressively increases by increasing the biodiesel content in the fuel, while at each temperature the longer times are obtained for pure biodiesel fuels C100, D100 and E100. In fact, the results show that with diesel fuel the starting time is almost the same independently from the ambient temperature, but the starting time is much more sensitive to the ambient temperature when the engine operates with biodiesel blends and in particular with pure biodiesel fuels. Then, pure biodiesel fuels are not suitable for keeping the starting time at reasonable levels in cold conditions, with ambient temperatures below 0
DF
• C. At 0
• C, the differences obtained comparing diesel fuel with C30 and C50 blends are in the range of the dispersion observed in the tests and therefore negligible. In addition, since the difference observed with pure biodiesel C100 is not so apparent as would be expected, one can conclude that at this ambient temperature the impact of biodiesel fuel on the starting time is also negligible.
The results obtained with biodiesel C and D at -5
• C indicate that CFPP of the fuel should be undoubtedly considered, but it is not the determinant parameter to evaluate the suitability of a fuel for promoting adequate combustion during the starting of modern diesel engines at cold ambient conditions. The difference of the starting times obtained with diesel fuel and pure biodiesel D100, whose CFPP temperatures are similar, evidences that apart of the effect that the fuel clouding could have on the operation of the FIS, there are another parameter characteristic of the fuel that might affect negatively to the combustion during the acceleration phase of the engine. Observing the characteristics of these fuels presented in Table 3 , it is easy to identify that from the parameters that can impact to combustion, the viscosity is the parameter with the highest variation. Indeed, the viscosity of the biodiesel at 40 • C is 1,5 times higher than that of the diesel fuel. The viscosity of the fuel affects to the needle lift of the injector and therefore, to the injected mass fuel rate. However, the higher clouding of pure biodiesel C100 (CFPP=-3
• C) might be the reason why the engine took longer time to start than with D100 (CFPP=-8
• C). The positive effect of the reduction of the fuel viscosity on the starting time at -5
• C is clearly noticed analyzing the results obtained with biodiesel blends C30, C50, D30 and D50. In all cases, due to the action of the lower viscosity of the diesel fuel, the starting times are shorter than those obtained with the pure biodiesel fuels.
Results at -10 • C are qualitatively similar than those obtained at -5
• C, so previous discussion is still valid at this lower ambient temperature. In this case, the difference observed between diesel and D30 fuels is not negligible, while the starting time for D50 fuel is more than twice the observed with the diesel fuel. The longer time required by the engine for starting with pure biodiesel fuels D100 and E100, even having lower CFPP than diesel fuel, confirm that the effects associated with the clouding of the fuel -characterized by the CFPP-can be masked by the great impact of fuel viscosity to the rate of injected mass flow and in consequence, to the combustion process.
All tests discussed here were performed keeping the baseline values for both pre-heating and injection settings, and they were defined to optimize the cold start-ability of the engine operating with standard diesel fuel and not with biodiesel blends or pure biodiesel fuels. Since the objective of this investigation focuses on the analysis of the impact of biodiesel fuels on the cold starting of production diesel engines, the fine optimization is out of the scope of this research work. However, the starting times operating with biodiesel fuels are expected to be improved by optimizing those settings for each fuel type. Figure 4 shows the speed stability after starting of the engine at the conditions described in the previous section. These results indicate that in tests with standard diesel fuel, the speed stability after starting deteriorates as the ambient temperature is colder. However, this trend is not observed when biodiesel blends are employed.
Effect on speed stability after starting
Indeed, the speed stability at 0 • C is deteriorated as the content of biodiesel C in the blend is increased. However, at -5
• C the results for this biodiesel show the opposite trend. At this temperature, the speed stability obtained with biodiesel D deteriorates in proportion to the concentration of biodiesel in the blend, but the opposite behaviour was obtained at -10
• C with the same fuel. Variation in speed stability can be related to a variation in starting period considering that these two parameters are usually interconnected. A longer starting period is very often associated with engine speed stability difficulties due to combustion failures or fuel pump failures.
Effect on opacity peak
The effect of biodiesel blends on the opacity peak of the exhaust gases during the starting of the engine at the ambient temperatures considered in the study is represented in Figure 5 . This figure shows that the opacity peak is apparently lower as the ambient temperature decreases when the engine starts with standard diesel fuel. However, this trend is not so clear when biodiesel blends are used. With biodiesel C blends the opacity peak is scarcely reduced as the ambient temperature drops from 0
• C to -5 • C, but the opposite was observed during the starting with biodiesel D blends at -5
• C and -10 • C. In comparison with standard diesel fuel, the results show that the opacity peak emitted with biodiesel blends is lower whenever the ambient temperature is higher than the CFFP of the blend. In fact, the opacity peaks measured when the engine started at 0
• C with biodiesel C blends are lower than the peak measured with standard diesel fuel. These results can be due to the higher oxygen content of biodiesel that should promote a better oxidation of the soot formed during combustion. However, at -5
• C -which is a lower temperature than the CFFP of biodiesel C-the opacity peak is higher than that obtained for standard diesel. At this temperature, the effect remarked before regarding the high oxygen content of biodiesel blends seems to be masked by the effect of the CFFP on the fuel atomization.
On the other side, the results also shown that the scatter between the opacity peaks is bigger as the biodiesel content in the blend is higher.
Finally, the same comments given before regarding the opacity peak emitted with biodiesel C can be also remarked for the opacity peak measured with biodiesel D blends at -5
• C and -10 • C. Figure 6 shows the pressure drop across the filter produced by the considered fuel mixtures at the investigated ambient temperatures. At 0 • C, variations of the pressure drop are negligible between all fuels tested, including the conventional diesel fuel. This result is explained considering that the temperature of 0
Effect on the pressure drop across the fuel filter
• C is over the corresponding CFPP for each fuel. However, pressure drop slightly increases from diesel fuel(left) to C100 (right) according to the progressive increment in CFPP of blends as shown in Table 3 .
The results for -5
• C show that the use of biodiesel C100 increases the pressure drop across the filter compared to the rest of fuels due to its higher CFPP (-3
• C). In this fuel, the massive formation of crystal agglomerates resulted in a clogging effect on fuel filter (as usual using hydrocarbon fuels at extremely low temperatures). This increases the pressure drop up to values of 0.4 bar as a straight consequence of operating the engine at temperatures below the CFPP of this fuel. In addition, the pressure drop measured with this C100 fuel showed a much higher dispersion during the engine cold starting compared to the other fuels tested. However, C30 and C50 blends present very similar results, which are comparable to that obtained using conventional diesel fuel. Regarding to the results obtained with biodiesel D, D30 and D50 blends decrease significantly the pressure drop across the fuel filter even comparing with diesel fuel, while the pressure drop measured with D100 is higher than that obtained with diesel fuel despite both fuels have similar values of CFPP. It is clear that this behaviour is due to the effect of the viscosity on the pressure drop.
Analyzing the results obtained at -10
• C, in comparison with conventional diesel fuel, the pressure drop measured for D30 and D50 blends is negligible. However, as was observed for -5
• C, pure biodiesel D100 sharply increases the pressure drop across the fuel filter. In this case, since the ambient temperature is lower than the CFPP of the fuel, the pressure drop reaches even higher levels. In regard to E100 fuel, even though it was elaborated in order to have a CFPP of -20
• C, the pressure drop produced by this fuel is higher than the other fuels with higher CFPP. As was remarked previously for the results of D100 at -5 • C, in this case the high pressure drop is caused again by the high viscosity of the fuel.
According to the previous discussion, one can conclude that from the two characteristics of the fuel that have impact on the pressure drop across the fuel filter, the fuel clouding -characterized by the CFPP-and the viscosity, this last characteristic is that of the higher importance. The increment in fuel filter pressure drop caused by the higher viscosity of pure biodiesel fuels, compromises the applicability of this fuels at cold ambient temperatures. However, blending diesel with biodiesel is an interesting alternative to reduce the viscosity of the fuel and therefore, the critical problems related to the clogging of the fuel filter associated with pure biodiesel fuels can be surpassed.
Summary and Conclusions
An experimental investigation was performed in a 4-cylinder HSDI diesel engine operating with conventional diesel, pure biodiesel fuels and also different diesel/biodiesel blends with the aim of evaluating the suitability of these fuels for starting these type of engines at low temperature conditions. The impact of the cold filter plugging point (CFPP) of the fuel on the engine start-ability at cold ambient conditions was also analyzed in detail.
The most relevant conclusions extracted from this research are:
• Independently of the additives used for improving the CFPP of the biodiesel fuels considered, the startability of Diesel engines at under-zero ambient temperatures is deteriorated when pure biodiesel is used.
The results obtained at different temperatures below zero have shown that this behaviour is caused principally by the great impact that the higher viscosity of these fuels has on the injection mass flow rate and consequently, on the combustion process.
• In comparison with pure biodiesel, the start-ability of the engine can be apparently improved with diesel/biodiesel blends principally due to the significant reduction of the viscosity of this type of fuel. Depending on the percentage of biodiesel in the blend and its CFPP temperature, the starting time at moderate cold temperatures can be comparable with that obtained with diesel fuel, while the peak opacity is reduced.
• The pressure drop across the filter caused by the fuel is much more dependent on the viscosity of the fuel than on its CFPP temperature. Therefore, the use of biodiesel blends instead of pure biodiesel is a suitable solution in order to keep the pressure loss at admissible levels and hence to surpass the limitation of pure biodiesel fuels for starting Diesel engines.
Finally, as a synthesis of this research, it can be remarked that considering the climate conditions expected in Spain along the year, biodiesel blend D50 is the most convenient fuel for the Spanish market. Apart that the production costs of this biodiesel are not so high and its CFPP is similar to that of the standard diesel commercialized in Spain, with this blend the start-ability of Diesel engines is quite similar to that provided by the diesel fuel.
